In this study, an instrument to measure blue light was developed, and the bluelight effective radiance of welding arcs was determined with it under 14 different welding conditions. The maximum of the obtained ACGIH blue-light effective radiance is 2.4 W/cm2-sr of metal active gas (MAG) welding of soft steel, of which the permissible exposure duration per day would be approximately 42 seconds, according to the recommendation of the ACGIH. This is the level at which welders do not suffer retinal injury from blue-light radiation, if they wear an eye protector with a filter suitable for their vision during welding operations, as they actually do in the workplace.
INTRODUCTION
It has been confirmed by several animal experiments that the exposure of the part of visible light called blue light (wavelength region: approximately 400-500 nm) produces photochemical lesions on the retina.1) At present, however, there are few reports on human injury clearly caused by blue light except on what is called solar retinitis. In the workplace, there are many light sources that emit strong light in the blue-light wavelength region. These include welding arcs, steel and glass furnaces, and various kinds of lamps. Those who work near them are usually exposed to blue-light radiation without suitable protective devices. It is important to evaluate the blue-light radiation hazards of these light sources to protect these workers.
The American Conference of Governmental Industrial Hygienists (ACGIH) recommended an evaluation method of blue-light radiation hazards and threshold limit values (TLVs) based on it: blue-light effective radiance (integrated spectral radiance weighted against blue-light hazard function) of a light source should be measured to evaluate its blue-light radiation hazards and should be compared with the TLV.2) But very few studies have been made on blue-light radiation hazards in the workplace, because suitable methods of measuring blue-light effective radiance have not been developed yet.
In this study, an instrument to measure blue light was developed and the blue-light effective radiance of welding arcs was determined with it under 14 different welding conditions. This measurement was made simultaneously with that of the emission spectrum of the welding arcs, on which a report has been already published."
FUNDAMENTALS
Blue light injures the retina, and its effective power (integrated spectral power weighted against blue-light hazard function) per unit area incident on the retina, i.e., retinal effective irradiance (integrated spectral irradiance weighted against blue-light hazard function) has an immediate connection with the occurrence of the retinal injury. Because direct measurement of the retinal effective irradiance is impossible or quite difficult, it would be convenient to measure and evaluate the effective radiance of a light source, which is theoretically proportional to the retinal effective irradiance, instead. Figure 1 shows the relation between the effective radiance of a light source and the retinal effective irradiance. When one is looking at a light source, its image appears on the retina of the eye by the action of the crystalline lens. On the retina, the level of the effective irradiance inside the image is higher Retinal effective irradiance is proportional to the effective radiance of a light source and independent of the distance between the eye and the light source or the size (area) of the light source. When the distance is short or the size is large, the image on the retina, consequently the area which potentially suffers injury would be large.
Equation 3 holds only when one is looking fixedly at a light source. Otherwise, for instance, when one is looking at an object, and light from the source in question enters the eye accidentally, the image of the light source on the retina would not appear at all, or, even if it appears, it would not be focused. The retinal effective irradiance in this case would be lower than that predicted by Eq. 3. In other words, the maximum retinal effective irradiance is represented by Eq. 3 and determined by the effective radiance of a light source. Therefore, from the viewpoint of safety as well as that of measurement, it is reasonable to evaluate the effective radiance of a light source instead of retinal effective irradiance.
There are two possible methods of obtaining the (effective) radiance of a light source. One is to measure radiance directly using an instrument which includes a focusing mechanism similar to that of a camera or the eye. If the image of a light source can be produced on the detecting surface of the light 
METHODS
Blue-light effective radiance was determined under the 14 different welding conditions shown in Table 1 . For the convenience of description, each set of conditions is given a number or symbol (in the left-hand outside column) by which it is subsequently referred to. Their details are described in reference (3).
An instrument to measure blue-light effective irradiance, a blue-light meter, was made on an experimental basis, by remodeling a UV meter (Sibata Scientific 218 T. OKUNO Technology Ltd., UV-3). This UV meter has the relative spectral sensitivity of a shape similar to the ACGIH relative spectral effectiveness for ultraviolet radiation and can measure ultraviolet effective irradiance.
In order to remodel it into the blue-light meter, its relative spectral sensitivity was changed by replacing the original photomultiplier and color glass filters in the detector head with those suitable for measurement of blue-light effective irradiance (photomultiplier:
Hamamatsu Photonics Ltd., R568, and filters: Toshiba, L41 and Hoya, B440) . The L41 filter is frosted on one side and also serves as a light In Fig. 4 , the measurement configuration is shown schematically. In order to fix the arc point during the exposure time of the measuring instruments, the arc was maintained between fixed wire and moving base metal on a turntable, as detailed in reference (3).
The detector head of the blue-light meter was fixed at 1.5 m from the arc so that it would look down on the arc at an angle of 45°.
The luminance meter and illuminance meter were also set in the same manner as the blue-light meter, and normal luminance and normal illuminance were measured simultaneously with blue-light effective irradiance for each welding condition.
The exposure time of the measuring instruments was set at 6 seconds. For each welding condition, two to 11 sets of measurements were made. One set consisted of about five measurements and started after experts on welding had made visually sure that the arc had been struck normally and become stable and suitable for welding. The experimental and instrumental background was obtained for each instrument in the same manner, except that the welding arc had not been struck, immediately before the start of each set of measurements. Later, it was subtracted from the result of the set. It was on the order of 1% of the net for blue-light effective irradiance.
RESULTS

AND DISCUSSION
The values measured by the instruments are summarized in the third through fifth columns in Table 2 . The two figures in each box in these columns show, respectively, the average (upper) and the coefficient of variation (lower), i.e., the quotient of the standard deviation divided by the average value, of two to 11 sets of measurements.
Blue-light effective irradiance and illuminance in Table 2 are at a distance of 1 m from the arc. They were calculated from the measured values, assuming that they are inversely proportional to the square of the distance.
The size (area) of the arc in the fourth column from the right was obtained using the measured luminance and illuminance as mentioned before. Substituting this size of arc and the measured blue-light effective irradiance for symbols A and E in Eq. 1, blue-light effective radiance, L in the equation, could be calculated (the third column from the right).
Strictly speaking, the obtained blue-light effective radiance is not equal to those which the ACGIH recommends because of the difference in shapes between the relative spectral sensitivity of the blue-light meter and ACGIH blue-light hazard function.
Exact ACGIH blue-light effective radiance in the right-hand outside column could be obtained by multiplying the blue-light effective radiance by the corresponding correction factor in the second column from the right. This correction factor can be calculated for each welding condition using the wear an eye protector with a filter whose transmittance in the blue-light wavelength region is less than 0.15% .
In practice, however, welders always put on a filter to cut out both all the hazardous ultraviolet radiation and the excess visible radiation during welding operations; this also reduces the amount of blue-light radiation entering the eye. Among many filters with various levels of transmittance, they normally use one through which they feel no glare, but are able to see the welding arc and its surroundings clearly. It may be reasonably assumed that they choose a filter so that the level of the luminance they feel behind it would be at a comfortable, approximately constant level. Therefore, if the level of ACGIH blue-light effective radiance and luminance are reduced at the same rate by these filters, which is probable because the wavelength region of blue light is included in that of luminance, the welding which has ACGIH blue-light effective radiance relatively high compared with its luminance would be potentially hazardous to welders who use the filter. Table 3 shows the ratio of the obtained ACGIH blue-light effective radiance to the measured luminance for each welding condition.
No. 6, MAG welding, has the maximum of the ratio among the 12 welding conditions in Table 3 , that is to say, it has the highest ACGIH blue-light effective radiance compared with luminance. If ACGIH blue-light effective radiance of No. 6, MAG welding, is reduced by a filter to its TLV for the exposure duration of eight hours per day, 10 mW/cm2.sr, luminance will be 50,000 nt. This is approximately equivalent to the luminance at the surface of an incandescent 100 W lamp, and we are unable to look at it fixedly without discomfort.
Probably welders put on a darker filter in practice. It can be concluded that, if they choose a filter suitable for their vision, as they actually do in the workplace, ACGIH blue-light effective radiance they are exposed to during welding operations is less than the TLV for the exposure duration of eight hours per day and does no harm to them.
Welders' filters are so dark that, with the arc off, nothing can be seen through them. Therefore, when they start welding, welders make sure the arc strikes at an adequate point with the unprotected eye and then they put on the filter. The exposure of welders to blue-light radiation in that interval might become a more serious problem.
The shortest permissible exposure duration per day calculated from the measured ACGIH blue-light effective radiance in this experiment is 42 seconds of No. 6, MAG welding, as mentioned before.
Assuming that the exposure duration in the interval is 0.1 second for each strike, if a welder strikes an arc for such welding some hundred times a day, his added exposure duration may exceed this permissible exposure duration.
When he is an unskilled welder, in particular the duration of exposure for each strike would be longer and, consequently, the added exposure duration in the day would be very liable to exceed the permissible exposure duration.
There is a problem to which attention should be drawn in the method of measuring blue-light effective radiance adopted in this experiment. Because the arc has no definite size, as mentioned above, the area of the arc, which is indispensable for the conversion of irradiance to radiance in this experiment, has no practical meaning and may be considered only to show the approximate extent of the arc. It ranges from 1.2 cm2 to 5.4 cm2 for all the welding conditions in this experiment (Table 2) , except for No. 12, self-shielded arc welding, and seems to agree with the approximate estimate by the eye. But there is no means of ascertaining its accuracy, and then the accuracy of the ACGIH blue-light effective radiance calculated using this area of arc also becomes unknowable. It may be necessary to compare the results of this experiment with those obtained by another measuring method for the same welding conditions. Finally, let us consider the applicability of the blue-light meter developed and used in this study to the measurements of blue-light radiation emitted by various light sources in the workplace.
Its response is fast, and its absolute sensitivity is high enough for those measurements.
But, since its relative spectral sensitivity does not precisely coincide in shape with the ACGIH blue-light hazard function, the blue-light meter gives us only approximate ACGIH blue-light effective values, as mentioned before. The degree of the deviation from the exact ACGIH effective value depends on the relative emission spectrum of the radiation to be measured.
For instance, all the weldings in this experiment except for No. 9, MIG welding, and No. 10, TIG welding, have the almost same relative emission spectrum"
and have approximately constant correction factors of 0.74-0.81 (Table 2) , which means that the deviation of the measured value from the ACGIH effective value is approximately 20% of the measured value for these weldings. Since the unnecessary sensitivity of the blue-light meter in the infrared region accounts for 10% according to the calculation from the emission spectra, if this sensitivity is removed, which can be achieved easily by putting an adequate short wavelength pass filter before the entrance of the blue-light meter, the deviation will be reduced to only 10% and become practically permissible.
On the other hand, the correction factors of No. 9, MIG welding, and No. 10, TIG welding, are 0.50 and 0.57, respectively, and the deviation of measured values for them is 40% -50% . The relative emission spectrum of No. 6, MAG welding, is shown in Fig. 5 in behalf of the former group of welding, and that of No. 9, MIG welding, in Fig. 6 on behalf of the latter group. It may be concluded that the blue-light meter developed and used in this study is applicable for measurement of the radiation in which the light intensity is distributed widely in the spectrum, as in Fig. 5 , but is unsuitable for measurement of the radiation in which the light intensity is localized around only several wavelengths, as in Fig. 6 . where dA is the projected area of the light source in the direction of the point, 1 the distance between them, and 0 the angle of incidence at the point.
If the size of the light source is not infinitesimal, but sufficiently small compared with distance 1, Eq. Al would become the following approximate equation.
where E is the irradiance, L the average of radiance over the surface of the light source, and A the projected area of the light source.
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